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a b s t r a c t
Neural progenitor cells (NPCs) are stem cells that can differentiate into various neural lineage cells. The
damage and loss of NPCs are associated with neurological conditions such as cognitive deﬁcits and
memory impairment. In a long-term study of patients with EV71, cognitive disorders were observed.
Therefore, we hypothesized that NPCs may be permissive to EV71 infection. We demonstrated that NPCs
are prone to EV71 infection and that these stem cells can support the active replication of this virus.
Furthermore, EV71 infection triggers apoptosis, resulting in signiﬁcant cell death in infected NPCs.
However, EV71 did not replicate in the differentiated cell types that were tested. Our ﬁndings suggest
that EV71 can infect NPCs and cause the depletion of these cells.
& 2014 Elsevier Inc. All rights reserved.
Introduction
EV71 is a member of the Picornaviridae family. Frequent EV71
epidemics have been observed in the Asia-Paciﬁc region since this
virus was ﬁrst identiﬁed in 1969 in California, United States (Schmidt
et al., 1974). In most cases, mild symptoms, such as herpangina and
hand-foot-and-mouth disease, have been recorded; however, serious
neurological complications may occur in young children (Wang et al.,
1999, 2011; Chang et al., 2002). Once EV71 invades the central nervous
system (CNS), the consequent pathological conditions may include
aseptic meningitis, ﬂaccid paralysis, Guillain–Barré syndrome, trans-
verse myelitis, cerebellar ataxia, brainstem encephalitis and pulmon-
ary edema (Melnick, 1984; Chen et al., 2001; McMinn, 2002).
Although the induced neurological diseases account for the mortality
and severity of EV71 infection, the pathogenesis of EV71-associated
neurological disorders has not been completely elucidated.
Neural progenitor cells (NPCs) are capable of self-renewal and can
differentiate into neural lineage cells. These cells play key roles in
neurodevelopment and in repairing damage to the nervous system
(Mckay, 1997). Previous studies of NPCs have investigated their diff-
erentiation potential and their possible application in regenerative
medicine (Su and Vellis, 2009). Recent studies have shown that
lesions of neural progenitor cells are correlated with long-term neu-
ropathological symptoms, including learning and recognitive defec-
tives (Haughey et al., 2002; Kim et al., 2008). Furthermore, several
pathogens trigger the death of neural progenitors via primary infe-
ction or secondary effects and thus result in neurofunctional deﬁcits
(Hofer et al., 2011).
Several neurotrophic viruses such as Borna disease virus (BDV),
Japanese encephalitis virus (JEV), and cytomegalovirus (CMV) have
been shown to cause behavioral changes and recognition and lear-
ning deﬁcits in infected patients (Das and Basu, 2008; Cheeran et al.,
2005; Briese et al., 1999). These viruses are able to infect neural pro-
genitors and thus affect the differentiation, proliferation and lifes-
pan of these cells, resulting in impaired neurogenesis and long-term
deﬁcits (Ariff et al., 2013; Brnic et al., 2012; Odeberg et al., 2006,
2007). Therefore, we hypothesized that the long-term abnormalities
following EV71 infection may be due to the effects of the virus on the
neural progenitor cells.
In the present study, we infected mice with EV71 and examined
whether NPCs could be affected. We show that EV71 could be detected
in the NPCs residing in the brain. Furthermore, isolated NPCs were used
to investigate the effects of EV71 infection. EV71 infection induces
robust cell death in NPCs, which may result in the depletion of the NPC
pool. In contrast with the NPCs, differentiated neuronal cells and astro-
cytes cells are less permissive to EV71 infection. Therefore, the results
of this study suggest that NPCs can support EV71 replication in the
brain, and that EV71 infection results in the loss of NPCs.
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Results
Detection of EV71-infected cells in the mouse brain
To test whether EV71 could infect NPCs in vivo, animal experiments
were performed. For these experiments, 5-day-old neonatal mice were
intraperitoneally administered 5105 pfu of EV71 strain 4643 MP4. At
24 and 48 h post-infection, the mice were sacriﬁced, and the brain
tissue was collected for analysis. Sagittal brain sections were obtained,
and staining with an anti-EV71 Ab revealed that EV71 was distributed
in the hippocampus, the subventricular zone (SVZ), and the lining of
the lateral ventricle (Fig. 1A). The presence of NPCs was then detected
by nestin expression (Lendahl et al., 1990). An anti-nestin Ab was used
to detect undifferentiated NPCs. Double immunoﬂuorescence staining
showed that many nestin-positive cells were infected by EV71 (Fig. 1B).
Mouse NPCs are permissive to infection by mouse-adapted EV71
NPCs were isolated and expanded. These cells were grown as
monolayers in culture vessels (Supplementary Fig. 1A). We tested
various differentiation protocols. Differentiation was conﬁrmed by the
expression of speciﬁc cell markers. Microtubule-associated protein 2
(MAP2) was used as the marker for differentiated neuronal cells, whe-
reas glial ﬁbrillary acidic protein (GFAP) was the marker for astrocyte
lineage cells. Nestin was expressed by all of the isolated neural pro-
genitor cells, whereas GFAP and MAP2 were absent.
We ﬁrst tested the infectivities of the clinically isolated strain
EV71 4643 and the mouse-adapted strain EV71 4643 MP4 in NPCs.
The cells were seeded in 12-well plates and infected with these two
strains at an MOI of 40. Cytopathic effects could be observed as
early as 12 h in the cells that were infected with the EV71 4643 MP4
Fig. 1. Distribution of EV71 antigen in the mouse brain. (A) Cryostat sections prepared from brain of EV71 infected mouse pups were stained with anti-EV71 3A antibody.
Expression of EV71 antigen was observed in different sections of brain. EV71 Infected cells were evident in the subventricular zone (A-i), the lining of lateral ventricles (A-ii),
and the hippocampus, (A-iii). Mocked-infected mouse were injected with medium alone. The brain sections of control group were shown in A-iv-A-v-A-vi immunoﬂuresence
staining was performed by using anti-EV71 3A antibodies and anti-nestin antibodies. PE-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse IgG secondary
antibodies were used for detection. Nestin positive (green) cells were observed and some of these cells were infected by EV71 (red) (B-i–B-iii). A higher magniﬁcation of this
area (white box) is shown (B-iv–Bix). A-iv, A-vi, 10 objective; A-i, A-ii, A-iii, A-v, B-ii, B-iii, 20 objective; B-i, 40 objective; B-v, B-vi, B-viii, B-ix, 20 objective with
additional ﬁvefold computer-generated magniﬁcation. B-iv, B-vii 40 objective with additional ﬁvefold computer-generated magniﬁcation. The white arrows indicated that
the cells were positive stained with anti-nestin and anti-EV71 3A antibodies.
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strain, whereas cell detachment was more pronounced after 24 h of
virus infection (Fig. 2A). In addition, we tested the susceptibility of
mouse ﬁbroblast 3T3 cells to EV71 infection. Similarly, the mouse-
adapted 4643 MP4 strain, but not the EV71 4643 strain, caused
cytopathic effects (CPE) in these cells (Fig. 2A). However, the CPE in
the 3T3 cells was less apparent when compared with the NPCs. Our
data demonstrated that the mouse-adapted EV71 strain caused
more apparent CPE in the NPCs than in the 3T3 cells. This ﬁnding
may be explained by the adaptation procedures that were per-
formed when collecting and isolating the adapted virus from mouse
brain tissue (Chen et al., 2004). To further conﬁrm the presence of
EV71 infection, immunoﬂuorescence staining was performed to
detect the EV71 3D protein in infected cells (Fig. 2B). Infected cells
displayed shrinkage morphologies, including condensed nuclei (as
indicated by arrows in Fig. 2B). The infected cells were counted
according to the immunoﬂuorescence staining results. In contrast to
Fig. 2. NPCs and 3T3 cells are permissive for EV71 infection. (A) EV71 MP4 infection causes cytopathic effects in 3T3 and NPCs. 3T3 and NPCs were expanded and seeded in
6-well plates. The seeded cells were mock inoculated (i–iv) or infected with EV71 4643 MP4 (v–viii) or EV 4643 (ix–xii) at an M.O.I. of 40. The morphological changes were
observed daily to assess the cytopathic effects. (3T3 cells, magniﬁcation¼400 ; NPCs, magniﬁcation¼200 ) (B) After 6 and 24 h of infection, the cells were ﬁxed and
double stained with rabbit anti-nestin (green) and mouse anti-3D (red) antibodies. FITC-conjugated anti-rabbit and PE conjugated anti-mouse secondary antibodies were
applied for detection (magniﬁcation¼200 ). The white arrows indicate the double positive cells with shrinkage morphology. (C) Comparison of the percentages of EV71
4643 and EV71 4643 MP4 infected NPCs. The percentage of infection was measured by dividing the number of EV71 infected cells with total number of cells in ﬁve ﬁelds.
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the EV71 4643 MP4 strain, the percentage of cells that were infected
by the EV71 4643 strain did not increase over time (Fig. 2C).
NPCs support the replication of mouse brain-adapted EV71
To detect the expression levels of viral proteins in infected
NPCs, total cell lysates were subjected to western blot analysis
(Fig. 3A). The EV71 3D protein could be detected as early as 6 h
post-infection (p.i.), and the protein levels peaked at 12 h in the
cells that were infected with the EV71 4643 MP4 strain. Compared
to the parental EV71 4643 virus, the EV71 4643 MP4 virus was
induced in higher viral protein expression levels in infected NPCs.
When NPCs were infected with the EV71 4643 strain at an MOI of
1, the EV71 3D protein was not detected by western blotting. The
results conﬁrmed that NPCs were more susceptible to the EV71
4643 MP4 strain. The titers of viable viral particles in the total
lysates and culture supernatants were quantiﬁed using plaque
assays. A one-step growth curve revealed that only the EV71 4643
MP4 strain could actively replicate in NPCs (Fig. 3B). The EV71
4643 strain infected several NPCs at a high MOI; however, these
cells could not support the replication of this virus strain.
Viral entry plays an important role in the infectivity of the EV71 4643
MP4 strain
Previous reports indicated that receptor expression plays an
important role in the permissiveness of 3T3 cells to EV71 infection
(Lin et al., 2012). To test whether viral entry plays a key role in the
susceptibilities of 3T3 cells and NPCs to the mouse-adapted EV71
4643 MP4 strain and the clinical isolate EV71 4643, viral RNA was
isolated from both strains and transfected into NPCs. Viral protein
expression levels were assessed by western blot and were similar
for the two strains (Fig. 4A). These results differed from the data
that we obtained from the infection assay (Fig. 3A). In addition,
similar results were observed in mouse 3T3 cells. EV71 3D protein
expression was absent in the 3T3 cells that were infected with the
clinical isolate, EV71 4643 (Fig. 4B). However, after transfection
with the EV71 4643 RNA genome, signiﬁcant CPE was observed
(Fig. 4C). Furthermore, the western blot analysis conﬁrmed the
expression of the viral protein (Fig. 4D). We observed that after
48 h of infection, the CPE was not as apparent as it was at 24 h
post-transfection. Compared with the samples that were collected
24 h after transfection, EV71 3D protein expression was decreased
at 48 h post-transfection. These results indicated that the released
virions could not infect the cells, and the untransfected cells
continued growing. Only traces of the EV71 3D protein could be
detected in the samples that were collected 48 h after transfection.
Therefore, the viral entry step plays an essential role in the
infectivity of these two viruses in the tested mouse cells.
Permissiveness of NPC-derived progenies to EV71 infection
To test the susceptibility of differentiated neural lineage cells to
EV71, the NPCs were treated to induce cell differentiation into
Fig. 3. EV71 4643 MP4 was actively replicated in mNPCs. (A) NPCs were infected with EV71 4643 MP4 or EV71 4643 at MOI of 40 or 1. After 6, 12, 24, 48 and 96 h of infection,
cells were harvested for protein isolation. The proteins were then analyzed by SDS-PAGE, followed by immunoblotting with mouse anti-EV71 3D antibody. Mouse anti-β actin
was used as an internal control. M: mock. (B) Viral growth curves of EV71 4643 and mouse-adapted EV71 4643 MP4 in NPCs. The titers and error bars are the means7stdev
of duplicate examples.
Hsing-I Huang et al. / Virology 468-470 (2014) 592–600 595
neuronal and astrocytic progenies. The differentiated cells were
conﬁrmed by the presence of MAP2 and GFAP, which have freq-
uently been used to identify differentiated neurons and astrocytes
in stem cell research. The clinically isolated EV71 4643 strain and
the mouse-adapted EV71 4643 MP4 strain were used to infect the
differentiated cells, and the morphologies of the infected cells
were observed and recorded. However, no obvious CPE was obs-
erved in these cells, excluding the NPCs. The possible reasons for
the lack of CPE include the possibilities that these cells are not
susceptible to EV71 infection and that these cells can be infected
with EV71 but are resistant to EV71-triggered cell death. To
conﬁrm these hypotheses, double immunoﬂuorescence staining
was performed (Fig. 5A). Plaque assays were performed to detect
the viral growth curves in the differentiated cells (Fig. 5B). The
results showed that the number of viable viral particles did not
increase. This could be expected because a very few differentiated
cells were infected.
EV71 infection results in apoptosis in NPCs
EV71 infection causes apoptosis in various cell types. To test
whether the infected cells underwent apoptosis, a terminal deox-
ynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay was
performed. The EV71 4643 MP4-infected cells were positive for DNA
fragmentation (Fig. 6A). Subsequently, we performed a double
ﬂuorescence immunostaining assay that revealed that most of the
EV71-infected cells reacted with an anti-active caspase 3 Ab (Fig. 6B).
The active caspase 3 can be detected after 12 h of infection (Fig. 6C).
Thereafter, apoptosis was triggered in NPCs in response to EV71
infection. To further analyze whether other caspases are involved,
anti- caspase 8 and anti- caspase 9 antibodies were used. However,
our results showed that neither caspase 8 nor caspase 9 was cleaved
in EV71 infected NPCs (Fig. 6D and E).
Discussion
In this study, we showed that EV71 is able to infect NPCs both
in vivo and in vitro. NPCs can differentiate into various neural
lineage cells and thus play a key role in neurodevelopment. Recent
studies demonstrated that the impaired function of NPCs is
associated with several neurological disorders, such as Alzheimer's
disease and Niemann–Pick type C disease (Verret et al., 2007;
Haughey et al., 2002; Kim et al., 2008). The symptoms of these
diseases include cognitive decline, learning disabilities and mem-
ory loss. In most cases, EV71-associated neurological lesions are
reversible and may be resolved without sequelae. However, recent
follow-up studies revealed that several patients with EV71 infec-
tion suffered from long-term complications, such as cognitive
deﬁcits (Chang et al., 2007; Huang et al., 2006). Thus, the permis-
siveness of NPCs to EV71 infection may explain why some long-
term neurological lesions appeared.
In our study, EV71-infected cells were observed in the lining of
the lateral ventricle, the SVZ, and the hippocampus, which are areas
rich in NPCs (Doetsch et al., 1999). Previous studies have shown that
cells infected with Coxsackievirus B3 (CVB3), a virus that preferen-
tially targets NPCs, are primarily located in the choroid plexus, the
lining of the ventricles, and the olfactory bulb (Tsueng et al., 2011;
Feuer et al., 2003). Furthermore, JEV tends to infect NPCs residing in
the SVZ of the fetal mouse brain (Das and Basu, 2008). These obs-
ervations suggest that NPCs can serve as host cells for many
different viruses. However, we did not ﬁnd any EV71-infected cells
Fig. 4. Virus entry plays an important role in determining the permissiveness of NPCs and 3T3 cells to EV71 infection. (A) RNAs isolated from EV71 4643 and EV71 4643 MP4
were transfected into NPCs. After transfection for 6, 10, 14, 18, and 30 h, total protein was isolated from mock and virus infected cells. Western blot assay was then performed
to detect the changes of EV71 3D proteins. (B) 3T3 cells were infected with EV71 4643 or EV71 4643 MP4 at an M.O.I. of 20. Total protein was extracted from cells collected at
different time points. Western blot analysis was performed to examine the expression levels of EV71 3D protein. (C) Cytopathic effects were observed in 3T3 cells transfected
with EV71 4643 RNA for 24 h (Magniﬁcation¼200 ). (D) The proteins isolated from EV71 4643 RNA transfected 3T3 cells were analyzed by western blot to detect the
expression levels of EV71 viral proteins.
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in the olfactory bulb, most likely because the NPCs in the olfactory
bulb lack EV71 receptors or because the virus particles cannot trafﬁc
to this area.
Dispersed EV71-infected neurons were detected in the cortex
and the hypothalamus. However, there was no obvious difference in
the numbers of infected neurons between days 1 and 2. These
observations differ from those made with CVB3, which infected
increasing number of neurons as the infection progressed (Feuer
et al., 2003). One reason for these differences can be that the NPCs
die quickly after EV71 infection while CVB3-infected NPCs can
survive after infection and retain this virus even after neuronal
differentiation (Tsueng et al., 2011). Another possible explanation is
that the neurons may not be easily infected by EV71. Therefore,
EV71 cannot efﬁciently infect neuronal cells, and the number of
infected neurons do not increase over time.
Viral infections of NPCs could interfere with normal cell function
and alter cell fate. Neurotrophic viruses, such as JEV, human
cytomegalovirus (HCMV), and BDV, can infect NPCs (Das and Basu,
2008; McCarthy et al., 2000; Brnic et al., 2012). JEV infects neural
stem cells (NSCs) and impairs neural progenitor division, which may
be associated with long-term cognitive deﬁcits in survivors (Das and
Basu, 2008). Furthermore, BDV-infected neural progenitors cannot
generate neuronal progeny, which may lead to impaired neural
function and behavioral disorders (Brnic et al., 2012). Our results
showed that active caspase 3 colocalized with EV71-infected NPCs,
suggesting that EV71 infection is associated with apoptosis. EV71
infection led to the activation of caspase 8 and 9 in RD cells (Shi et al.,
2012; Wang et al., 2012). Infection with EV71 induces the cleavage of
caspase 9 activation in all tested cells including SK-N-SH (human
neuroblastoma), SK-N-MC (human neuroblastoma), SF268 (human
glioblastoma), Caco-2 (colon carcinoma) and Vero cells. In contrast,
the activation of caspase 8 is observed in EV71 infected non-neural
cells (Wang et al., 2004; Chang et al., 2004). However, neither
caspase 8 or caspase 9 was activated in EV71-infected NPCs. There-
fore, we speculated that EV71 may activate caspase 3 without
cleaving caspase 8 and caspase 9. We have previously studied
EV71-induced apoptosis in SF268 cells, a human glioblastoma cell
line. We found that viral protein synthesis is essential for EV71
infection-induced apoptosis (Shih et al., 2008.) In this study, our
results revealed that active caspase 3 was only detected in cells that
were positive for the EV71 viral protein, which was in accordance
with our previous observations. The EV71 2A and 3C proteins possess
proteolytic activities that trigger the caspase cascade (Li et al., 2002;
Kuo et al., 2002). However, we have not identiﬁed which viral protein
is essential for the induction of apoptosis in NPCs.
We tested the susceptibility of NPC-derived neuronal and astrocytic
progenies to EV71 infection. The results indicated that a few cells could
be infected by the EV71. These cells were less susceptible to EV71
infection when compared with undifferentiated NPCs most likely
because the differentiated neuronal and astrocytic cells were deﬁcient
for appropriate EV71 receptors or because these cells lacked essential
factors for efﬁcient EV71 translation and replication. EV71, like some
other neurotrophic viruses, tends to infect children (Drăgănescu et al.,
1980; Ogata et al., 1991). Unlike adults, the brains of children are still
developing and may contain more EV71-susceptible cells. Previous
research has demonstrated that CVB3 preferentially replicates in
actively proliferating cells (Feuer et al., 2002; Luo et al., 2003).
Additional experimental evidence is needed to determine whether
Fig. 5. EV71 infection of NPC-derived astrocytes and neurons. (A) NPCs were differentiated into astrocytes and neurons, and then infected by EV71 4643 MP4 at an M.O.I. of
40. The infected cells were harvested at 6 h post-infection, and stained by rabbit anti- GFAP or rabbit anti-MAP2 Abs, respectively. Anti-EV71 3D Abs were used to detect the
EV71 infected cells. (magniﬁcation¼200 ). (B) Supernatants and total cell lysates were collected from EV71 4643 MP4 infected cells at different time points. Plaque assay
was performed to examine the viral growth curves in differentiated cells. The titers and error bars are the meansþstdev of duplicate examples.
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the different susceptibilities of undifferentiated and differentiated
NPCs to EV71 infection are associated with active cell proliferation.
Therefore, in addition to viral receptors, the status of host cells may
contribute to the different susceptibilities of NPCs and other neural
lineage cells to EV71 infection.
In a previous study, EV71 proteins could be detected in the brain
neurons of infected patients and animals (Chan et al., 2000). However,
the types of infected neurons were not yet identiﬁed. A possible
explanation for why so few NPC-derived neuronal cells were infected
by EV71 is the heterogeneity of neuronal populations. The brain
contains many different types of neurons, such as motor neurons,
sensory neurons, and Purkinje cells. These neuronal populations
possess diverse properties and may have differential susceptibilities
to speciﬁc viruses. For example, Varicella-zoster virus (VZV) tends to
Fig. 6. EV71 infection triggers apoptosis in NPCs. (A) To detect the DNA fragmentation, TUNEL assay was performed. NPCs infected by EV71 4643 MP4 were ﬁxed after 24 h of
infection. The positive staining cells were shown with green ﬂuorescence in the cell nucleus. EV71 infection was conﬁrmed by stained with EV71 3D antibodies. The white
arrow indicated the EV71 infected NPC which was also positive for DNA fragmentation (Magniﬁcation¼200 ). (B) NPCs were infected with EV71 4643 MP4 at an M.O.I. of
40 for 24 h, cells were then ﬁxed for double-immunoﬂorescence staining assay. After ﬁxation, cells were allowed to react with anti-active caspase 3 Ab ﬁrst, FITC-conjugated
anti-rabbit IgG secondary Ab was then applied to detect the signals. Thereafter, anti-EV71 3D Ab was used to detect the cells infected by EV71, PE-conjugated anti-mouse IgG
Abs were applied for detection. (Magniﬁcation¼200 ) (C) Western blot was performed to detect the expression of active caspase 3 in EV71 infected NPCs. β-actin was used
as an internal control. (D) The cleaved form of caspase 9 was determined by western blot. EV71 (2 MOI) infected RD cell lysate (16 h p.i.) was used as positive control. (E) Total
lysates were collected from EV71 infected NPCs and RD cells and were applied for western blot analysis to detect the cleaved caspase 8.
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infect sensory neurons, whereas HIV invades neocortical neurons (Lee
et al., 2012; Fisher et al., 1999). However, further studies should be
performed to identify the types of neurons that are more permissive
to EV71 infection.
The data from this study demonstrated that NPCs are permissive
to EV71 infection and that these cells support active viral replica-
tion. However, NPC-derived neurons and glial cells were less
susceptible to EV71. EV71 infection results in the apoptosis of
infected NPCs, which may lead to the loss of the NPC pool in the
CNS. In conclusion, the data from this study provide insights into
the permissiveness of neural lineage cells to EV71 infection and
demonstrate that NPCs may serve as a reservoir for EV71 in the CNS.
Materials and methods
Cells and virus
Mouse brain-derived neural progenitor cells (mNPCs) were
cultured in alpha minimum essential medium (α-MEM, Gibco-
Invitrogen, CA, USA) supplemented with 10% fetal bovine serum
(FBS). A human rhabdomyosarcoma (RD) cells line was cultured in
Dulbecco's Modiﬁed Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 1% L-Glutamine, 1% non-essential
amino acid, and 1X penicillin/streptomycin (P/S) (all from Gibco-
Invitrogen, CA, USA). Cells were maintained in a 37 1C incubator
equilibrated with 5% CO2. The clinically isolated strains of Enter-
ovirus 71 strain 4643 (TW/Tainan/4643/98) and mouse adaptive
EV71 4643 MP4 (EV71/Tainan/4643/98 MP4) (kindly provided by
Prof. Jen-Ren Wang at National Cheng-Kung Hospital) were amp-
liﬁed in RD cells that were cultured in DMEM supplemented with
2% FBS and 1X P/S. The titer of the virus stocks was measured
using plaque-forming assay and the number of plaque-forming
units (pfu) was calculated.
Virus infection
Cells (105/well) were seeded in 12-well plates for approximately
16 h before infection. After washed twice with phosphate buffered
saline (PBS), viruses were added to the wells at a speciﬁed multi-
plicity of infection (M.O.I.) in serum-free culture medium for 1 h at
37 1C. After 1 h of adsorption, the cells were washed twice with PBS
to remove unbound viruses and replaced with 1 ml of fresh α-MEM
containing 2% FBS per well. The cell morphology was mon-
itored and recorded using an optical microscope at different time
points.
Western blot
The cultured cells were washed with PBS, and the total cell
lysates were collected using an ice-cold protein lysis buffer (1%
NP-40, 50 mM Tris, and 150 mM NaCl) supplemented with protease
inhibitors cocktail, and incubated on ice for 30 min. After centrifu-
gation at 13,000 r.p.m. for 10 min at 4 1C, the supernatant and pellet
fractions were collected. Protein concentrations were measured
using the Bradford method (Bio-Rad Laboratories, CA, USA), and
30 mg of protein was separated by 10% SDS-polyacrylamide gel
electrophoresis, and then transferred onto a polyvinylidene ﬂuoride
membrane (PVDF) ( Millipore, Billerica, MA, USA). The membrane
was blocked with 5% skim milk in Tris-buffered saline Tween-20
buffer (TBST) at room temperature (20 mmol/L Tris–HCl, pH 7.4,
150 mmol/L NaCl, and 0.1% Tween 20). The membrane was then
incubated with anti-EV71 3D antibody (1:10,000), anti-active cas-
pase 3, anti-caspase 8 (both from Cell Signaling, 1:1000), anti-
caspae 9 (Santa Cruz, 1:1000) or β-actin (Sigma-Aldrich, Missouri, U.
S.A., 1:20,000), and probed with horseradish peroxidase conjugated
anti-mouse secondary antibody (Jackson ImmunoResearch Labora-
tories, Pennsylvania, U.S.A., 1:5000). The target proteins were then
visualized in a subsequent chemiluminescence reaction (Thermo
Scientiﬁc, Illinois, U.S.A.).
Neuronal and astrocytic differentiation
For neural differentiation, NPCs (105 cells per well) were plated
on 12-well plates coated with poly-L-Lysine (Sigma-Aldrich) in α-
MEM supplemented with 10%FBS. After 1 day, the medium was
removed, and the cells were washed twice with PBS and cultured in
serum-free α-MEM. The cells were incubated at 37 1C in 5% CO2 for
14 days, and immunoﬂuorescence staining (primary antibody: rabbit
anti-MAP2, secondary antibody: goat anti-rabbit Dylight488) was
used to conﬁrm the differentiation. To induce astrocytes differentia-
tion, NPCs (105 cells /well) were plated on 12-well plates. After
1 day, the medium was removed, and the cells were washed twice
with PBS and cultured in serum-free α-MEM containing 3-isobutyl-
1-methylxanthine (IBMX, 0.1 mM). The cells were incubated at 37 1C
in 5% CO2 for 3 days, and IFA (primary antibody: rabbit anti-GFAP,
secondary antibody: goat anti-rabbit Dylight488) was used to
conﬁrm the differentiation.
Immunoﬂuorescence assay
The NPCs-differentiated neurons or astrocytes infected with
clinical isolate strain EV71/Tainan/4643/98 (EV71) or mouse
adaptive strain EV71/Tainan/4643/98 MP4 (EV71 MA) at M.O.I.
of 40 were collected at 6 h and 24 h post-infection, and washed
once by PBS. The cells were then ﬁxed with ice-cold ﬁxative
solution (ethanol–methanol, 1:1) for 1 min, and then blocked
with 0.5% FBS in PBS for 30 min at room temperature. The cells
were incubated overnight at 4 1C with primary antibodies, rabbit
anti-nestin (Santa Cruz Biotechnology, California, U.S.A., 1:50),
rabbit anti-MAP2(Millipore, 1:200), rabbit anti-GFAP(Millipore,
1:200) and mouse anti-EV71 3D (1:800). After washed twice with
PBS , the cells were then probed with DyLight 488-conjugated
anti-rabbit secondary antibodies (Jackson ImmunoResearch
Laboratories, Pennsylvania, U.S.A., 1:800) or Dylight594 conju-
gated donkey anti-mouse antibodies (Jackson ImmunoResearch
Laboratories, Pennsylvania, U.S.A., 1:800). After incubation at
room temperature for 1 h, cells were washed twice with PBS.
The cell nuclei were stained with DAPI (1:10,000) for 5 min. The
results were examined under a ﬂuorescence microscope system
(Olympus).
Plaque assay
The RD cells were seeded in 6-well plates (5.5105 cells per
well), incubated at 37 1C in 5% CO2 for 20–24 h. The cells were then
washed once with PBS and infected with 500 ml of serially diluted
virus suspensions in a serum-free medium. After 1 h of adsorption
at 37 1C in 5% CO2, the culture media was removed and the cells
were washed twice with PBS to remove unbound viruses. Afterward
3 ml of MEM containing 2% FBS and 0.3% agarose gel was added to
each well. After 4 days, the cells were ﬁxed with 10% formaldehyde
for more than 1 h and subsequently stained with crystal violet
solution. The titer of the virus was expressed as pfu/ml.
Animal experiment
The animal protocols were approved by the Institutional Animal
Care and Use Committee of Chang Gung University. Imprinting Con-
trol Region (ICR) mice were obtained from Lasco Biotechnology
Company (Taipei, Taiwan). 5-day-old mouse were injected intraper-
itoneally with 5105 pfu of EV71/Tainan/4643/98 MP4 per mice.
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Control mice were injected with culture medium. After 24 and 48 h
of injection, the animals were sacriﬁced and the brain tissue sam-
ples were collected for further analysis (n¼5 for each infected
group and n¼4 for each mock infected group).
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